The alkaline phosphatase (ALP), 5'-nucleotidase (5' ND) and f-glutamyltransferase (fGT) activities of mature hepatocytes are mainly located in their plasma membrane. The two phosphatases ALPand 5'ND are anchoredto the outer surface of the membrane through a covalent linkage to glycosyl phosphatidylinositol (1), while fGT is bound to the membranethrough its hydrophobic peptide segment (2-4). The ALP and fGT activities in rat liver were reported to increase with increase in the amount of CAMPin the liver (5, 6). The former was induced by administration of glucagon (Glu), dibutyryl CAMP(Bt2cAMP) (and also cholera enterotoxin) (5, 7, 8) or epinephrine (EP) (9), and the latter by administration of Bt2cAMP or theophylline (10, ll). These inductions have not, however, been demonstrated in cultures of primary hepatocytes. Even in the absence of added hormone, the ALPand 5'ND activities in cultured hepatocytes increase spontaneously and rapidly in early stages (days 1-2) of culture (12) (13) (14) , and yGT activity increases in later stages (days 3-5) of culture (15) (16) (17) . The only hormoneknownto affect the three enzyme activities in primary hepatocytes is dexamethasone (Dex), Abbreviations used: NCA, 0.07% Nikkol BO-10TX in 0.1 M citric acid; MEM,Eagle's minimum essential medium; aMEM,a-modified Eagle's minimum essential medium; Z 3-14, Zwittergent 3-14; Ins, insulin; Dex, dexamethasone; GH, growth hormone; EP, epinephrine; Glu, glucagon; Teh, taurocholate; ALP, alkaline phosphatase; 5'ND, 5'-nucleotidase; fGT, f-glutamyltransferase.
which induces ALP (14) and fGT (16-18) activities, but suppresses 5'ND activity (14). In a previous study, we found that ALPand 5'ND activities in hepatocytes cultured on collagen-coated plastic are affected appreciably by the Ca2+ concentration of serum-free medium containing both insulin (Ins) and Dex, whereas the fGT activity is not (19) . In this study, we examined whether hormones that generate CAMP in cultured hepatocytes and growth hormone (GH) affect these enzyme activities in the cells cultured in serum-free low (0.1 mM)and high (2 mM)Ca2+ media on collagen gel. Collagen gel was used because it enhances survival of the cells during culture for more than 4 days. Results showed that Glu, EP and Bt2cAMPmarkedly induced these enzyme activities regardless of the Ca2+concentration of the medium, as observed in vivo, and that GHmarkedly suppressed ALP activity, but had no appreciable affect on 5'ND or jGT activity.
MATERIALS AND METHODS
Preparation of hepatocyte suspension. Hepatocytes were isolated from adult male Wistar rats weighing about 200 g, as described previously (19) . Suspensions of 1.2-1.5 x 107 cells/ ml in Williams' medium E were diluted to 6x 105 cells/ml with Ca2+-free a-modified Eagle's minimumessential medium (aMEM)containing amphotericin B (0.25 mg/1), gentamycin (60 mg/1) and penicillin G (105 units/1).
Ca2+-free aMEM. This mediumwas prepared as reported (19) , and its Ca2+ concentration was adjusted to 0.1 mMor 2 mMwith 1 MCaCl2. Culture ofhepatocytes on collagen gel. Culture dishes (d: 35 mm) were coated with rat tail collagen gel as described (20), except that the stock collagen solution in 0. 1%acetic acid was diluted to 0.7 mg/ml and mixed with one-fourth volume of cone. ( x 5) Ca2+-free aMEMcontaining 50 mMHepes just before gelation. The cell suspension (1 ml) was inoculated onto the gel and incubated for about 2 h in an incubator under 5% CO2in air at 37°C to allow cell attachment. The mediumwas then replaced by aMEM(1 ml) containing 0.1 fiM Ins, 0.1 /jM Dex, 10 mMpyruvate and 0.1 mMor 2 mMCa2+. Test agents were added to the culture mediumabout 1 h after the first medium change. The mediumwas changed to fresh culture medium supplemented with test agents 24 h and 72 h after inoculation.
Measurement of number of cell nuclei. Cell nuclei were isolated from the cells after solubilizing the collagen gel with 0.07% Nikkol BO-10TX in 0.1 M citric acid (NCA) (1 ml) as reported (20) . Nuclei were counted in a hemocytometer, and values are presented as means±S.D. for triplicate dishes. Assays ofALP, 5'ND and jGT activities of cultured cells. The culture mediumwas removed, and the collagen gel was digested with 0A% collagenase solution containing soybean trypsin inhibitor (50 /*g/ml) in Hank's solution (1 ml) with gentle shaking at 37°C for 30 min on a Low-Profile Rocker (Bellco Glass, Vineland, N.J.). The digest was then transferred to a plastic test tube with a plastic pipette, the dish washed with 0.15 M NaCl (2ml), and the washing fluid combined 1 2 3
Days of Culture with the digest. Cells were pelleted by centrifugation, washed with 0.15 M NaCl and lysed with 0.\% Zwittergent 3-14 detergent (Z 3-14) in 0.15 M NaCl (1 ml) as reported (19) . The lysate was centrifuged, and the resulting supernatant wasused for assays of activities of ALP, 5'ND and jGT as described in our previous paper (19 
RESULTS
The effects of Glu, EP, Bt2cAMPand GHon the activities of ALP, 5'ND and jGT in cultured hepatocytes. Hepatocytes on collagen gel remained viable for more than 4 days in serum-free culture mediumcontaining 0.1 fiM Ins, 0.1 fiM Dex and 10mM pyruvate in either low or high Ca2+ medium. After the culture period of 5 days, the number of nuclei of cells remaining on the gel was about 70%of that at the time of inoculation (data not shown), whereas that of cells inoculated onto plastic was 25-50% of the initial number (19) . ALP activity in the cells cultured on the gel changed during the culture period of 4 days in low and high Ca2+ media containing Glu, EP or GH, as shown in Fig. 1 . Glu (0.1 fiM) markedly induced ALP activity in high Ca2+ mediumthroughout the 4-day period and in low Ca2+ medium for the first 2 days. EP (10 fiM) induced ALP activity in both media throughout the 4-day period. GH (200 fiJJ) suppressed the ALPactivity in both media from days 2to 4. fGT activity was very weak in freshly isolated hepatocytes and became appreciable after the culture period of 3 days, the changes in its activity in low and high Ca2+ media being similar (Fig. 2) . Weexamined its activities in 4-day cultures in low and high Ca2+ media containing Bt2cAMP or hormones that affected ALP activity (Fig. 3) . EP markedly induced fGT activity in both media, but Glu and Bt2cAMP induced fGT activity only in high Ca2+ medium. GHdid not affect the activity even at a concentration of 200 [i\J (50 ng)/ml. The dose-responses of the activities of ALP, yGTand 5'ND to Glu, Bt2cAMP, EP, and GHwere examined in 4-day cultures only in the high Ca2+ medium (Figs. 4, 5) . The time course of change in 5'ND activity in mediumwithout added hormones was similar to that ofALP activity (Fig. 2) . Glu had similar dose-dependent effects on the activities of ALPand 5'ND at concentrations of 1-10 nM, causing a maximumof 2-fold or more induction at 10 nM (Fig. 4) . It also induced jGJ activity, but at about ten times higher concentrations (10-100 nM) than those required for ALP or 5'ND. EP and Bt2cAMP induced all three enzyme activities in similar dose ranges with maximal effects at 10 piM and 0.1 mM,respectively. The inductions by Bt2cAMP at the highest concentrations tested were similar to, or slightly less Cells were cultured for 4 days in 2 mMCa2+ mediumwith or without Glu, Bt2cAMPor EP at the indicated concentrations. Other experimental conditions were as described in the text. Cellswerecultured for4 daysin 2 mM Ca2+ medium withor without Gluor GH at theindicated concentrations. Otherexperimental conditionswere as described in thetext.
thanthosebythe optimal concentration of Glu.These resultssupportthe ideathat CAMP isan intracellular mediator of the effect of Glu.GHsuppressed ALP activity only, decreasingits level to less than half the control level. It waseffectiveat a concentration as lowas 1 /iU/ml (0.25 ng/ml) (Fig. 5) . It also abolished the increase in the activity inducedbyGlu;5 /iU of GHsuppressedtheincreaseinducedby5nMGluto thecontrol level.
Theeffect of Tehonthe activities ofALP andyGT. ALPactivity in the liver increasein conditionsof bile ductobstruction, suchas cholestasis andexperimental bile duct ligation (21, 22) . This increase is associated withthe induction of denovosynthesisof ALP protein in the liver (23) (24) (25) (26) the effects of bile acids on ALPinduction in primary cultures of hepatocytes, used as a model of liver with accumulated bile acids. They found that Teh induced ALP activity most effectively and that the induction was blocked by cycloheximide. Consistent with their results, we found that Teh caused marked induction of the enzyme activity, being maximally effective at 1 mM (Table  I) . It also induced fGT activity. This result reproduces in an in vitro system the in vivo finding by Kaplan et al. (27) that bile duct ligation resulted in about a 2-fold increase in fGT activity in rat liver after 120 h.
DISCUSSION
In this study, we examined the inductions of ALP, 5'ND and fGT activities in hepatocytes cultured on collagen gel in serum-free aMEM containing Dex and Ins. We found that the ALP and 5'ND activities were induced by Glu and EP through an adenylate cyclase system and that the activity of only ALPwas suppressed by GH. GHmarkedly suppressed both the basal level of ALP activity and its increased level induced by Glu, being effective at a concentration as low as 1 [A] (0.25 ng)/ml. Our results are consistent with those of in vivo experiments showing that Glu and Bt2cAMPinduce ALP activity in the liver (5, 7, 8) . GH was recently found to exert effects on the expressions of various hepatic proteins, including hormones, growth factor receptors, secretory proteins and enzymes (28, 29): e.g., insulinlike growth factor I (somatomedin C), EGF receptor, GHreceptor, a2u-globulin, albumin, serine protease inhibitor and cytochrome P-450 family proteins. However, its effect on hepatic ALPactivity has not been reported. Adult male rats (350-425 g) secrete GH periodically with peak values of >200ng/ml and trough values of < 1 ng (unmeasurable levels) at about 3.3 h intervals (30, 31) . Therefore, the low effective concentration of GHsuggests that ALPactivity in the liver in vivo is suppressively controlled by this hormone. The ALPactivity in freshly isolated hepatocyte culture is reported to increase within 2 days to a maximum of about 10 times that in whole liver or freshly isolated cells (12). The reason for this marked increase during culture has not previously been clarified. The present results show that GHin the culture mediumreduced the increase in ALPactivity to a value close to that in freshly isolated hepatocytes during culture for 4 days. This finding also suggests that GHregulates ALP activity in vivo, keeping its level low, as in freshly isolated hepatocytes or whole liver. Stress, induced by either disease or emotional or physiological conditions, activates the endocrine system, the main hormones involved being glucocorticoids, catecholamines, glucagon and GH. GHplays an essential role in mammals,not only in maintenance of postnatal body growth but also in a variety of stress-related responses. In man, GHsecreted in response to exposure to stress seems to have a beneficial effect, counteracting the catabolic effects of stress by its protein anabolic actions. The ALPactivity in human liver might be maintained homeostatically by a balance between CAMP-generating hormones and glucocorticoids that induce its activity and GHthat suppresses its induction. Onthe other hand, in rats, exposure to stress suppresses GHsecretion, abolishing the periodic peaks of its plasmalevels, but stimulates the secretions of other stress hormones. Thus in rats, homeostatic control of ALPactivity could not be compared to that in man. In rats, the induction of ALPactivity maybe suppressed continuously by GHto a low plasma level that is not decreased further by various stress stimuli, or it might be suppressed by some unknownhumoral factor(s) other than GH that is released into the plasma in response to stress. Alternatively, its induction might be enhanced by stress. There are as yet no reports on the effect of stress on ALPactivity in rat liver or in humanliver. Liver ALPhas been studied extensively for many years, but little is yet known about its precise physiological role(s). An understanding of hormonal interplay in the induction of ALP and the mechanism of action of each hormone(s) should provide clues to the physiological role(s) of this enzyme.
The 5'ND activity in primary cultures of hepatocytes also increases to a maximumduring culture after 2 days, which is similar to the value in whole liver (12).
This increase in its activity has been explained as due to repair of the plasma membranesof hepatocytes after their injury during cell isolation procedures.
In our experimental system, fGTactivity was induced markedly by Bt2cAMP or EP, and moderately by Glu.
These results are consistent with the conclusion from previous in vivo experiments that this enzyme activity is modulated by CAMP (6, 10, ll). Thus, the present study confirmed and explained many endocrinal and pathological findings on changes in ALP, 5'ND and fGT activities in rat liver, and also demonstrated a regulatory effect of GHon ALP activity in the liver. Our culture system and methods for assays of the enzyme activities should be useful in further studies on hormonal regulations and pathological changes of the liver enzymes. REFEREN CES Low, M.G. (1989) . The glycosyl-phosphatidylinositol anchor of membrane proteins. Biochim. Biophys. Acta, . Hughey, R.P., Coyle, P.J., and Curthoys, N.P. (1979) . Comparison of the association and orientation of f-glutamyltranspeptidase in lecithin vesicles and in native membranes. /. Biol. Chem., 254: 1124 -1128 Matsuda, Y., Tsuji, A., and Katunuma, N. (1983) . Studies
